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SUMMARY 

A c h e m i c a l   k i n e t i c   r e a c t i o n  mechanism for   the   combust ion   of   s i lane /hydrogen  w a s  
assembled  through  the  analogy  of   s i lane  to   methane.  The mechanism w a s  r e f i n e d  by 
comparing the obse rved   k ine t i c   behav io r  as d e t e r m i n e d   i n   s h o c k   t u b e   s t u d i e s   w i t h   t h a t  
p r e d i c t e d  by t h e  mechanism. Good agreement   between  the  experimental   and  the  calcu-  
l a t e d   r e s u l t s  w a s  achieved by the   ad jus tment   o f   the  rate c o e f f i c i e n t   f o r   t h e   r e a c t i o n  
SiH3 + O2 -+ SiH20 + OH. The r e a c t i o n  mechanism w a s  u s e d   t o   t h e o r e t i c a l l y   i n v e s t i g a t e  
t h e   i g n i t i o n   c h a r a c t e r i s t i c s   o f   s i l a n e f i y d r o g e n   m i x t u r e s .  The r e s u l t s   r e v e a l e d   t h a t  
over  the ent i re   range   of   t empera ture   examined   (800  K t o  1200 K ) ,  s u b s t a n t i a l   r e d u c -  
t i o n   i n   i g n i t i o n   d e l a y  time is obta ined  when s i l a n e  is added t o  hydrogen. 

INTRODUCTION 

Much a t t e n t i o n  is b e i n g   p a i d   t o   t h e   u s e  of s i l a n e  ( S i H 4 )  as a n   i g n i t i o n   a i d   f o r  
hydrogen-fueled  supersonic  combustion ramjet engines .   Experiments   in   the  Langley 
Hypersonic   Propuls ion Test C e l l s  and a t  c o n t r a c t o r   f a c i l i t i e s   h a v e   p o s i t i v e l y  demon- 
s t r a t e d   t h a t   t h e   a d d i t i o n  of s i l ane   t o   t he   hydrogen   fue l   enhances   combus t ion   and  
he lps   sus t a in   s t ab le   combus t ion   (Beach  e t  a l .  1980) .   In   addi t ion,   recent   shock  tube 
s t u d i e s  (McLain e t  a l .  1983)  have shown tha t   add ing   s i l ane   t o   hydrogen-oxygen-  
n i t rogen   mix tu res   dec reases   t he   i gn i t i on   de l ay  time s u b s t a n t i a l l y .  To t a k e   f u l l  
advan tage   o f   t he   e f f ec t   o f   s i l ane ,  a b e t t e r   u n d e r s t a n d i n g  of t he   chemica l   r eac t ion  
p rocess  by which s i l a n e   p a r t i c i p a t e s   i n   t h e   c o m b u s t i o n   p r o c e s s  i s  needed. A chemical  
k i n e t i c  mechanism  which d e s c r i b e s   t h e   e s s e n t i a l   f e a t u r e s   o f   t h e   s i l a n e / h y d r o g e n  com- 
bus t ion   process  would  be a u s e f u l   t o o l   n o t   o n l y   f o r   a s s e s s i n g   t h e   s e n s i t i z a t i o n  capa- 
b i l i t i e s  a t  o t h e r   c o n d i t i o n s   b u t   a l s o   f o r  the a n a l y s i s   a n d   i n t e r p r e t a t i o n   o f  combus- 
t o r   r e s u l t s .  

Beach e t  a l .  (1980)  assembled a p r e l i m i n a r y   c h e m i c a l   k i n e t i c  mechanism f o r  
s i l a n e   o x i d a t i o n   o b t a i n e d  by direct  ana logy   w i th   t he   me thane   ox ida t ion   r eac t ion  mech- 
anism. The mechanism w a s  tested by compar ing   the   ca lcu la ted   consumpt ion   of   s i lane  
w i t h   e x p e r i m e n t a l   r e s u l t s  from a low temperature  (500 K t o  700 K) i so thermal   f low 
r e a c t o r .  Rate c o e f f i c i e n t s   f o r   f i v e   r e a c t i o n s  were ad jus t ed   t o   ob ta in   ag reemen t  
be tween   t heo re t i ca l   and   expe r imen ta l   r e su l t s .   S ince  a l a r g e  number of rate c o e f f i -  
c i e n t   a d j u s t m e n t s   a n d  some unusual ly  large v a l u e s   f o r  some of t h e  rate c o e f f i c i e n t s  
were requ i r ed   t o   ob ta in   ag reemen t ,  it is thought   tha t   he te rogeneous   p rocesses  as w e l l  
as gas   phase homogeneous p rocesses  were o c c u r r i n g   i n   t h e   f l o w   r e a c t o r .   I n   t h i s  
r e p o r t ,  a d e t a i l e d   c h e m i c a l  mechanism fo r   t he   ox ida t ion   o f   s i l ane /hydrogen   mix tu res  
i s  presented   and   d i scussed .  Rate c o e f f i c i e n t s   i n   t h i s  mechanism are r e f i n e d  by com- 
p a r i n g   c a l c u l a t e d   i g n i t i o n   d e l a y  times wi th   t he   expe r imen ta l   da t a   r epor t ed  by McLain 
e t  a l .  (1983) . 

SILANE/HYDROGEN REACTION MECHANISM 

Since   very  little k i n e t i c   a n d   m e c h a n i s t i c   i n f o r m a t i o n  is a v a i l a b l e   o n   t h e   h i g h  
t e m p e r a t u r e   s i l a n e   o x i d a t i o n   p r o c e s s ,  the b a s i c   f e a t u r e s  w e r e  taken  from the methane 
o x i d a t i o n  mechanism. This r e a c t i o n   h a s   b e e n   s t u d i e d   f o r  many years ,   and  the  essen-  
t i a l  r e a c t i o n   p a t h s ,   i n t e r m e d i a t e s ,   a n d   p r o d u c t s  are w e l l  known. The s i l a n e   m o l e c u l e  
has  a s t r u c t u r e  similar to  t h a t  of the methane  molecule,  and the s i l a n e   o x i d a t i o n  



products   (S iO,   S i0  ) are similar t o  t h e  methane   ox ida t ion   products  (CO, C 0 2 ) .  There- 
f o r e ,  it seems r e a s o n a b l e   t o  assume t h a t  similar r e a c t i o n s   a n d   r e a c t i o n   i n t e r m e d i a t e s  
would  occur. Because s i l icon  bonding  and  carbon  bonding are n o t  i d e n t i c a l ,  i t  is 
r e c o g n i z e d   t h a t   r e a c t i v i t y   a n d   t h e  na tu re  o f   t h e   i n t e r m e d i a t e   s p e c i e s  may b e   d i f f e r -  
e n t  from  the  methane  scheme. It w a s  n o t   t h e   i n t e n t ,   h o w e v e r ,   t o  assemble an   ex ten-  
sive list of r eac t ions   such  as those   r ecen t ly   deve loped  for methane  (Westbrook  1979; 
Olson   and   Gard iner   1978) .   Ins tead ,   the   ob jec t ive  w a s  t o   d e v e l o p  a s i l a n e  mechanism 
w h i c h   c o n t a i n e d   e n o u g h   d e t a i l   t o   d e s c r i b e   t h e   e s s e n t i a l   f e a t u r e s   o f   t h e   o x i d a t i o n  
p rocess .  The mechanisms  used to   descr ibe   the   combust ion   of   s i lane   and   hydrogen  are 
shown i n  tables I and 11. R a t e  c o e f f i c i e n t s   f o r   t h e   h y d r o g e n  mechanism w e r e  s e l e c t e d  
from  the l i terature .  Whenever p o s s i b l e ,   t h e  same w a s  done f o r   s i l a n e .  However, 
s i n c e   v e r y  l i t t l e  k i n e t i c   i n f o r m a t i o n  on s i l a n e  is a v a i l a b l e ,  most rate c o e f f i c i e n t s  
were e s t i m a t e d  . 
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TABLE I.- SILANE REACTION MECHANISM 

~- ~. 

React ion  

SiH4 + SiH2 + H2 
SiH4 + O2 -+ SiH3 + p02 
SiH4 + H 0 2  -+ SiH3 + H 2 0 2  
H + SiH4 + H2 + SiH3 
0 + SiH4 -+ OH + SiH3 
OH + SiH4 -+ H 2 0  + SiH3 
H + SiH3 -+ SiH2 + H2 
0 + SiH3 -+ SiH20 + H 
OH + SiH3 + SiH20 + H2 
S iH3  + O2 -P SiH20 + OH 
SiH2 + O2 + HSiO + OH 
H + SiH20 + H2 + HSiO 
0 + SiH20 -+ OH + HSiO 
OH + SiH20 + H 2 0  + HSiO 
H + HSiO -+ H2 + S i 0  
0 + HSiO -+ OH + S i 0  
OH + HSiO -+ H 2 0  + S i 0  
HSiO + M + H + S i 0  + M 
HSiO + O2 + S i 0  + H 0 2  
SiH20 + H 0 2  + HSiO + H 2 0 2  
S i 0  + 0 + M -P S i 0 2  + M 
S i 0  + OH -+ Si02  + H 
S i 0  + 0, -+ SiO, + 0 

t 

*The rate c o e f f i c i e n t  i s  

* 
R a t e  c o e f f i c i e n t  

6.0 X 10l3  exp(-54960/RT) 
2.0 X 1 O1 exp (  -44000/RT) 
3.0 X 10’ exp(-5600/RT) 
1.5 X 10l3  exp(-2500/RT) 
4.2 x 10l2  exp(-1600/RT) 
8.4 x 10l2  exp(-lOO/RT) 
1.5 x 1013  exp(-2500/RT) 
1.3 x 10’ exp(  -2000/RT) 
5.0 X 1 0 l 2  

‘8.6 x IO1* exp(-11400/RT) 
1 .O x lOI4  exp(-3700/RT) 
3.3 x IOl4  exp(-10500/RT) 
1.8 x IO1 exp(-3080/RT) 
7.5 x 10l2  exp(-170/RT) 
2.0 X 1014 
1.0 X 1014 
1.0 X 1014 
5.0 X I d 4  exp(-29000/RT) 
3.0 x 1 0 l 2  
1 .O X 10l2  exp(-8000/RT) 
2.5 X lOI5  exp(-4370/RT) 
4.0 X exp(-5700/RT) 
1 .O x 10’  exp(-6500/RT) 

where A i s  i n  s-’ f o r   u n i m o l e c u l a r   r e a c t i o n s ,  cm’/mole-s 
f o r   b i m o l e c u l a r   r e a c t i o n s ,  and c m  /mole2-s f o r   t e r m o l e c u l a r  
r e a c t i o n s .  The a c t i v a t i o n   e n e r q y  E i s  i n   c a l / m o l e ,  
R = 1.987  cal/mole-K,  and T is t e m p e r a t u r e   i n  K. 
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‘Determined i n  t h i s   s t u d y .  ‘bf is a third-body  molecule.  
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TABLE 11.- HYDROGEN REACTION  MECHANISM 

Reaction 

H2 + 0 2  + OH + OH 

H + 0 2 + O H + 0  

O + H 2 + O H + H  

OH + H 2  + H20 + H 

OH + OH + H 2 0  + 0 

H + OH + ’M + H 2 0  + M 
M = H O  
M = A i l  o t h e r  

H + H + M + H 2 + M  
M = H  
M = H O  
M = A f l  o t h e r  

2 

H + O2 + M +H02 M 
M = H, 
M = H;O 
M = A l l  o ther  

OH + H02 + H 2 0  + O2 

H + H 0 2  + H2 + O2 

H + H 0 2  + OH + OH 

0 + H 0 2  + OH + 0 2  

’ M + H 2 0 2  + OH + OH + M 
~~ 

Rate c o e f f i c i e n t *  
~ ” 

1.7 x 10l3 exp(-48100/RT) 

1.2 x IOl7 T-Oogl exp(-16600/RT) 

2.1 x IOl4  exp(-I 3750/RT) 

3.2 x IO7 T1 O 8  exp(-3030/RT) 

5.5 x IOl3  exp(-7000/RT) 

I .4 x 1023 T - ~ * O  
2.2 X T-2*o 

7.0 x 10l8 T - I o 0  

3.2 X 10l8 T-’*O 
4.4 x 1019 T - I - O  

5.0 x exp(-IOOO/RT) 

2.5 x 10’ exp(-700/RT) 

2.0 x exp(-1900/RT) 

5.0 x 1 O I 3  exp(-IOOO/RT) 

2.0 x 1012 

3.0 x 10” exp(-18700/RT) 

1.0 x IOl3  exp(-1800/RT) 

1.2 x IO1 exp(-45500/RT) 

Reference 

Jachimowski  and Houghton  1971 

Schott  1973 

Schot t  1973 

Gardiner e t  a l .  1974 

Gardiner e t  al .  1973 

m u l c h  e t  a l .  1972 
m u l c h  e t  a l .  1972 

Baulch e t  a l .  1972 
Baulch e t  a l .  1972 
Baulch e t  ai .  1972 

Slack 1977 
Slack 1977 
Slack 1977 

Lloyd  1974 

Lloyd  1974 

Lloyd  1974 

Lloyd  1974 

Slack 1977 

Slack  1977 

Baulch e t  a l .  1972 

m u l c h  e t  a l .  1972 

*The rate c o e f f i c i e n t  is defined  by k = AT” exp(-E/RT). The rate c o e f f i c i e n t  units 
are s-’ for unimolecular   react ions,  c m  /mole-s for   bimolecular   react ions,   and c m  /mole2+ 
for termolecular react ions.  me ac t iva t ion   energy  E is i n  cal/mole, R = 1.987  cal/mole-K, 
T is tempera ture   in  K, and n is a temperature  exponent. 
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‘M is a third-body  molecule. 
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When gaseous   mix tu res   o f   r eac t an t s  are suddenly  heated  by a shock  wave, i g n i t i o n  
i s  preceded by a pe r iod   du r ing   wh ich   t he   concen t r a t ion   o f   f r ee   r ad ica l s   g rows   ve ry  
r a p i d l y .  The i n i t i a l   p h a s e  of t h i s   i g n i t i o n   p e r i o d  i s  o f t e n   c h a r a c t e r i z e d  by  decom- 
p o s i t i o n  of t he   fue l   mo lecu le s .  Whereas the  high  temperature   decomposi t ion of 
methane   occurs   p r imar i ly   th rough  the   rup ture   o f  a C-H bond t o  form a m e t h y l   r a d i c a l  
( c H ~ )  and a hydrogen  atom,  the i n i t i a l   r e a c t i o n   i n   t h e   d e c o m p o s i t i o n   o f   s i l a n e  is t h e  
molecular   e l imina t ion   of   hydrogen  

SiH4 + SiH2 + H2 

Newman e t  a l .  ( 1 9 7 9 )   i n v e s t i g a t e d   t h e  homogeneous  gas  phase  decomposition  of 
s i l a n e   u s i n g   t h e   s i n g l e - p u l s e   s h o c k   t u b e   t e c h n i q u e .  They found  decomposition rates 
which were i n  good  agreement  with  the  high  pressure  unimolecular ra te  c o e f f i c i e n t ,  
k = 3 x IO” exp(  -59600/RT), s - ’ .  I n   t a b l e  I, the  decomposition rate c o e f f i c i e n t  i s  
g rven   fo r   t he   t empera tu res   and   p re s su res  of the   s i lane /hydrogen   shock  tube s t u d i e s  
r e p o r t e d  by McLain e t  a l .  (1983).   This rate c o e f f i c i e n t  w a s  obtained  f rom ko3 and 
t h e   r e s u l t s  of t h e  RRKM u n i m o l e c u l a r   r e a c t i o n   t h e o r y   c a l c u l a t i o n s   g i v e n  by Newman 
e t  a l .  (1979) .  

Also i n c l u d e d   i n   t h e   s i l a n e  mechanism as a n   i n i t i a t i o n   s t e p  i s  the  hydrogen 
a b s t r a c t i o n   r e a c t i o n  

S i H 4  + O2 + SiH3 + H 0 2  

The rate c o e f f i c i e n t   f o r   t h i s   r e a c t i o n  w a s  e s t ima ted  by s e t t i n g   t h e   a c t i v a t i o n   e n e r g y  
e q u a l   t o   t h e   h e a t  of r e a c t i o n  AH a t  298 K and   u s ing   t he   p reexponen t i a l   f ac to r  
r epor t ed   fo r   t he   ana logous  CH4 reac t ion   (Tsuboi   1976) .  The ra te  c o e f f i c i e n t   f o r   t h e  
r e a c t i o n  

SiH4 + H 0 2  + SiH3 + H 2 0 2  

w a s  e s t ima ted  by u s i n g   t h e   r e l a t i o n  E = AH + E ( r e v e r s e )   t o   c a l c u l a t e   t h e   a c t i v a t i o n  
ene rgy ;   t he   p reexponen t i a l   f ac to r  w a s  se t  e q u a l   t o   t h e   p r e e x p o n e n t i a l   r e p o r t e d   f o r  
the analogous CH4 react ion  (Westbrook  1979) .   In   the  above  re la t ion,  AH is t h e   h e a t  
of r e a c t i o n  a t  298 K and   E ( reve r se )  is  t h e   a c t i v a t i o n   e n e r g y   f o r   t h e   r e v e r s e  
( exo the rmic )   r eac t ion .  The l a t t e r  w a s  c a l c u l a t e d   u s i n g   H i r s c h f e l d e r ’ s   r u l e  (Wayne 
1969) ;   E ( reve r se )  = 0.055 DO-H, where DO-H i s  t h e  OH bond  energy  in   the H 2 0 2  mole- 
c u l e .  The rate c o e f f i c i e n t s   f o r   t h e   p r i m a r y   c h a i n   p r o p a g a t i n g  and  branching reac- 
t i o n s   i n   t h e   s i l a n e  mechanism 

H + SiH4 + H 2  + SiH3 

0 + SiH4 + OH + SiH3 

OH + SiH4 + H 2 0  + SiH3 
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were ob ta ined  from the   s tud ies   repor ted   by   Atk inson   and   P i t t s   (1   978)   and   Ar thur   and  
Bell (1978)   for   temperatures   between 297 K and  438 K. The rate c o e f f i c i e n t   f o r   t h e  
r e a c t i o n  

H + SiH3 -+ H2 + SiH2 

w a s  se t  e q u a l  t o  t h e  rate c o e f f i c i e n t   f o r   t h e  H + SiH4 react ion.   Olson  and  Gardiner  
(1978) made the   ana logous   assumpt ion  when developing  a d e t a i l e d  methane  mechanism. 

The rate c o e f f i c i e n t s   f o r   t h e  SiH3-cOnSming r e a c t i o n s  

SiH3 + 0 -+ SiH20 + H 

SiH3 + OH -+ SiH20 + H2 

SiH3 + o2 + SiH20 + OH 

w e r e  s e t  t o  t h e  ra te  c o e f f i c i e n t s   f o r   t h e   a n a l o g o u s  CH r e a c t i o n s  as r e p o r t e d  by 
Peeters   and Mahnen ( 1  973a),   Peeters  and  Vinckier  (19747,  and  Jachimowski  (1974),  
r e s p e c t i v e l y .  The rate c o e f f i c i e n t   f o r   t h e   S i H 2 - c O n S m i n g   r e a c t i o n  

SiH2 + O2 -+ HSiO + OH 

w a s  s e t  e q u a l   t o   t h e  ra te  c o e f f i c i e n t   f o r   t h e   a n a l o g o u s  CH2 r e a c t i o n  as r e p o r t e d  by 
Peeters   and Mahnen (1973b) .  

The r a t e   c o e f f i c i e n t s   f o r   t h e   r e a c t i o n s  

H + SiH20 -+ H2 + HSiO 

0 + SiH20 -+ OH + HSiO 

OH + SiH,O -+ H,O + HSiO 
L L 

H + HSiO -+ H2 + 

0 + HSiO -+ OH + 

OH + HSiO .+ H 2 0  

S i 0  

S i  0 

+ S i 0  

5 



were 
repor  
waves 

se t  e q u a l  t o  t h e  ra te  c o e f f i c i e n t s   f o r   t h e   a n a l o g o u s  C H 2 0 / ~ c 0  r e a c t i o n s  as 
. ted  by Dean e t  a l .  (1980) i n   t h e i r   s t u d y   o f   t h e   o x i d a t i o n   o f  C H ~ O  behind  shock . The rate c o e f f i c i e n t  for the   decompos i t ion   r eac t ion  

HSiO + M + S i 0  + H + M 

w a s  e s t i m a t e d   b y   s e t t i n g   t h e   a c t i v a t i o n   e n e r g y   e q u a l   t o   t h e   h e a t  of r e a c t i o n  AH a t  
298 K a n d   t h e   p r e e x p o n e n t i a l   f a c t o r   f o r   t h e   a n a l o g o u s  HCO reaction  (Jachimowski 
1977) .  

The ra te  c o e f f i c i e n t s   f o r   t h e   r e a c t i o n s  

HSiO + o2 + S i 0  + H 0 2  

SiH20 + H 0 2  + HSiO + H 2 0 2  

S i 0  + 0 + M + S i 0 2  + M 

w e r e  se t  e q u a l   t o   t h e  rate c o e f f i c i e n t s   f o r   t h e   a n a l o q o u s   c a r b o n   r e a c t i o n s  by us ing  
the   expres s ions  recommended  by Olson  and  Gardiner  (1978) , Jensen  and  Jones ( 1  9781, 
and  Lloyd ( 1  974) , r e s p e c t i v e l y .  The ra te  c o e f f i c i e n t s   f o r   t h e   S i 0   f o r m i n g   r e a c t i o n s  2- 

S i 0  + OH + Si02  + H 

si0 + O2 + Si02  + 0 

were e s t i m a t e d   u s i n g   H i r s c h f e l d e r ' s   r u l e  t o  c a l c u l a t e   t h e   a c t i v a t i o n   e n e r g i e s .  The 
p r e e x p o n e n t i a l   f a c t o r s  were set  e q u a l   t o   t h e   p r e e x p o n e n t i a l   f a c t o r s   f o r   t h e   a n a l o g o u s  
CO r e a c t i o n s  as r e p o r t e d   i n   G a r d i n e r  e t  a l .  (1  973)  and  Jensen  and  Jones ( 1  978) .  I t  
should   be   no ted   tha t   S i0  i s  n o t  a s table  species l i k e  CO, a n d   t h a t  i t s  r e a c t i v i t y  i s  
l i k e l y   t o   b e   d i f f e r e n t .  

The hydrogen   reac t ion   mechanism  l i s ted   in  table I1 w a s  taken  f rom  Slack  (1977) .  
This   mechanism  successfu l ly   reproduced   exper imenta l   ign i t ion  time data   f rom  shock 
tube studies  of  hydrogen-oxygen  mixtures  over  the  temperature  range 980 K t o  1176 K. 

MECHANISM EVALUATION AND REFINEMENT 

A s  p rev ious ly   no ted ,   t he   expe r imen ta l   shock   t ube   r e su l t s   r epor t ed  by  McLain e t  
a l .  (1983) were used t o   e v a l u a t e   a n d   r e f i n e   t h e   s i l a n e  mechanism. McLain e t  a l .  
( 1 9 8 3 )   r e p o r t e d   i g n i t i o n   d e l a y  times f o r  two s i lane /hydrogen   mix tures ,  2 p e r c e n t  
SiH4, 8 p e r c e n t  H2, 4 p e r c e n t  02, and  86  percent  N 2  (Overall equiva lence  r a t io  = 2) ,  
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and  1.68  percent S i H 4 ,  6.72 p e r c e n t  H ~ ,  6.74 p e r c e n t  02, and  84.86 p e r c e n t  N2 
(Overall equiva lence  r a t io  = l ) ,  a t  1.25 atm and  1.35 a t m ,  r e s p e c t i v e l y ,  fo r  t h e  
temperature   range  800 K t o  1050 K. Numerical   s imulat ion  of   the  shock tube expe r i -  
ments w a s  c a r r i e d   o u t   u s i n g   t h e   c h e m i c a l   k i n e t i c   c o m p u t e r   p r o g r a m   d e s c r i b e d   b y  McLain 
and Rao (1976) .  The program w a s  o p e r a t e d   i n  a c o n s t a n t  volume mode t o   s i m u l a t e   t h e  
condi t ions   behind  a r e f l ec t ed   shock  wave. The i g n i t i o n   d e l a y  t i m e  i s  de f ined  as it 
is  i n   t h e  shock   tube   exper iments ;   tha t  is ,  it is d e f i n e d  t o  be t h e   e l a p s e d  time 
between  the  heat ing  of   the  gas   mixture  by t h e   r e f l e c t e d   s h o c k  wave and  the  sudden 
p r e s s u r e   i n c r e a s e   d u e  t o  combustion. The ra te  c o e f f i c i e n t s   f o r   t h e   r e v e r s e   r e a c t i o n s  
w e r e  ca l cu la t ed   w i th in   t he   p rog ram by us ing   t he   fo rward  rate c o e f f i c i e n t   a n d   t h e  
appropr ia te   thermochemica l   da ta .  

Thermochemical  data for the  hydrogen,  oxygen,  and  nitrogen species were taken  
from t h e  JANAF tables (1971)  and were used i n   t h e   a n a l y t i c a l  form  described  by 
Wakelyn  and McLain (1 975) . Thermochemical  data for t h e  species S i H  S i H ,  sio, and 
s io2 w e r e  obtained  f rom  the tables prepared  by McBride e t  a l .  (19634: The thermo- 
c h e m i c a l   d a t a   f o r   t h e   o t h e r   s i l i c o n - c o n t a i n i n g   s p e c i e s   w h i c h   a p p e a r   i n   t h e   s i l a n e  
mechanism w e r e  n o t   a v a i l a b l e   a n d   h a d   t o  be e s t ima ted .  

The the rmochemica l   da t a   fo r   t he   r ad ica l s  S i H 3  and S i H 2  w e r e  obtained  by  assuming 
t h a t   t h e i r   h e a t  capacities a t  c o n s t a n t   p r e s s u r e  w e r e  e q u a l   t o   t h e   h e a t   c a p a c i t i e s   f o r  
the   ana logous   carbon-conta in ing   spec ies ,  CH3 and CH2 (Bahn  1973).  The e n t h a l p i e s   o f  
format ion  a t  298 K w e r e  de te rmined   us inq   the  bond d i s s o c i a t i o n   e n e r g i e s ,  DH3Si-H and 

DH2Si-H, r e p o r t e d  by  Doncaster  and  Walsh  (1981). The s t a n d a r d   e n t r o p i e s  a t  

298 K ( S O )  were d e t e r m i n e d   u s i n g   t h e   r e l a t i o n  

So(SiHx)  = So(SiHx-l)  + s O ( H )  - Aso 

where & O  i s  the   en t ropy   change   for   the   chemica l   change  CHx + CH,-~ + H. I n   o t h e r  
words ,   t he   en t ropy   changes   fo r   t he   r eac t ions  

SiH3 +- S i H 2  + H 

SiH2 + S i H  + H 

w e r e  assumed t o  be e q u a l  t o  the   en t ropy   changes   fo r   t he   ana logous   ca rbon   r eac t ions  

CH3 +- CH2 + H 

CH2 + CH + H 
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Thermochemical   data   for  S i H 2 0  and HSio were ob ta ined  b y   a s s u m i n g   t h a t   t h e   h e a t  
capacities are t h e  same as for   the   ana logous   carbon-conta in ing  species CH20  and HCO. 
The e n t h a l p i e s  of format ion  a t  298 K, AH:, were e s t i m a t e d   u s i n g   t h e   r e l a t i o n s  

where  the bond d i s s o c i a t i o n   e n e r g i e s  DH-Hsio and DH-SiO were set  e q u a l   t o  DH-HCO and 

DH-CO' 
r e s p e c t i v e l y .  The s t a n d a r d   e n t r o p l e s  a t  298 K w e r e  e s t i m a t e d   u s i n g   t h e  

relations 

So(SiH20)  = SO(HSi0) + So(H) - AS1 

S"(HSi0) = SO(Si0) + So(H) - AS" 

where A S 1  and AS" are t h e   s t a n d a r d   e n t r o p y   c h a n g e s   f o r   t h e   r e a c t i o n s  

CHZO +- HCO + H 

HCO +- H + CO 

A l l  the   es t imated   thermochemica l   da ta  were p u t   i n t o   t h e   p o l y n o m i a l   f o r m a t   r e q u i r e d  by 
the  chemical   kinet ic   computer   program. 

The r e su l t s   o f   t he   compute r   s imu la t ions  of the   shock   tube   exper iments   €or   the  
two s i lane /hydrogen   mix tures  are  p l o t t e d   i n   f i g u r e s   l ( a )   a n d   l ( b ) ,   t o g e t h e r   w i t h   t h e  
co r re spond ing   expe r imen ta l   r e su l t s .  The r e s u l t s  which were c a l c u l a t e d   w i t h   t h e  es t i -  
mated rate c o e f f i c i e n t s  show i g n i t i o n   d e l a y  times much longer   than   the   observed  
times. As a f i r s t   s t e p  toward   r e f in ing   t he  model, a s e n s i t i v i t y   s t u d y  was c a r r i e d  
o u t   t o   d e t e r m i n e   w h i c h   r e a c t i o n s   h a d   t h e   l a r g e s t   i n f l u e n c e  on t h e   c a l c u l a t e d   i g n i t i o n  
times. The s e n s i t i v i t y   s t u d y  w a s  performed by i n d i v i d u a l l y   v a r y i n g   t h e  rate coef-  
f i c i e n t s   f o r  a l l  t h e   r e a c t i o n s   i n  the s i l a n e  mechanism so t h a t   t h e y  had va lues  
between 0.1 and 10.0 times the v a l u e s   l i s t e d   i n   t a b l e  I. 

The r e s u l t s  of t h e   s e n s i t i v i t y   s t u d y  w e r e  v i r t u a l l y   i d e n t i c a l   t o  similar s e n s i -  
t i v i t y   s t u d i e s   c a r r i e d   o u t   w i t h   t h e   m e t h a n e   o x i d a t i o n  mechanism  (Jachimowski  1974; 
Bowman 1975) .   Th i s   cou ld   have   been   expec ted   s ince   t he   s i l ane   r eac t ion  mechanism was 
p a t t e r n e d   a f t e r   t h e   m e t h a n e   o x i d a t i o n  scheme,  and many of   the  ra te  c o e f f i c i e n t s  are 
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mechanism and  rate  coefficien 
Calculated using  initial 

/ o  

@/ 

/r800 Calculated  rate  coefficient  using  adjusted  for  the 
reaction 

S i H 3  t O2 + SiH20 + OH 

o Experimental  data  (McLain  et  al. 1983: 

I I I I I I I 

( a )  2 p e r c e n t  S i H 4 ?  8 p e r c e n t  H 2 #  4 percent   02#  and 
86   percent  N2 mixture ;   Pressure  = 1.25  atm. 

. . . 

Calculated  using  initial 
mechanism  and  rate  coefficienl 

Calculated  using  adjusted 
rate  coefficient  for  the 
reaction 

SiHg + O2 + SiH20 + OH 

/o 
0 Experimental  data  (McLain  et  al. 198: 

10 1 I I I I I I I 
9 10 11 12 

Reciprocal  temperature, K - l  

(b) 1.68  percent  SiH4,  6.72  percent H2#  6.74 p e r c e n t  02, 
84.86 p e r c e n t  N2 mixture ;   Pressure  = 1.35 atm. 

F igu re  1.- Comparison  between  calculated  and  measured  ignit ion 
d e l a y  times. 
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similar. Vary ing   the  rates of t h e   f o l l o w i n g   r e a c t i o n s   h a d   t h e   l a r g e s t   i n f l u e n c e   o n  
t h e   c a l c u l a t e d   i g n i t i o n   d e l a y  times. 

S i H 4  + SiH2 + H~ 

SiH3 + O2 -+ SiH20 + OH 

S i 0  + OH +- Si02  + H 

The r e s u l t s  of t h e   s e n s i t i v i t y   s t u d y   d i d  n o t   i n d i  cate how  much each  of   the se 
rate c o e f f i c i e n t s   s h o u l d  be m o d i f i e d   t o   b r i n g   c a l c u l a t e d  r e su l t s  in to   ag reemen t   w i th  
o b s e r v e d   i g n i t i o n   d e l a y  times. Good agreement   could  be  obtained by s imul taneous ly  
i n c r e a s i n g   t h e  rate c o e f f i c i e n t s   f o r  a l l  t h r e e   r e a c t i o n s   o r  by a d j u s t i n g   t h e  ra te  
c o e f f i c i e n t   f o r   a n y  one  of t h e   t h r e e   r e a c t i o n s .  However, some of   the   ad jus tments   d id  
n o t   y i e l d   r e a s o n a b l e  rate c o e f f i c i e n t   e x p r e s s i o n s .   F o r  example, the   ad jus tmen t  
r e q u i r e d   t o   t h e  rate of   the   decomposi t ion   reac t ion  

SiH4 +- S i H 2  + H2 

r e s u l t e d   i n  a ra te  c o e f f i c i e n t   s e v e r a l  times the   h igh   p re s su re   (uppe r  limit) expres-  
s ion   r epor t ed  by Newman e t  a l .  ( 1 9 7 9 ) .   S i m i l a r l y ,   t h e   a d j u s t m e n t   r e q u i r e d   t o   t h e  
ra te  o f   t h e   r e a c t i o n  

OH + S i 0  + Si02  + H 

r e s u l t e d   i n  a p r e e x p o n e n t i a l   f a c t o r   g r e a t e r   t h a n  5 x which i s  an  unreasonably 
l a rge   va lue   €o r  a bimolecular   react ion.   Consequent ly ,  it w a s  d e c i d e d   t h a t  i t  would 
be more prudent   to   modi fy   the  ra te  c o e f f i c i e n t   f o r   t h e   r e a c t i o n  

SiH3 + O2 +- S i H 2 0  + OH 

wh ich   had   t he   l a rges t   i n f luence  on t h e   c a l c u l a t e d   i g n i t i o n   d e l a y  times. The ra te  
c o e f f i c i e n t  which  gave  the  best   agreement  between  the  calculated  and  experimental  
r e s u l t s  w a s  k = 8.6 X 10' exp(-I  1400/RT),  cm3/mole-s. The c a l c u l a t e d   r e s u l t s   f o r  
t h e  two mixtures   us ing   the   modi f ied  ra te  c o e f f i c i e n t  are p l o t t e d   i n   f i g u r e s  l ( a )  
and l ( b ) .  The agreement   be tween  the   ca lcu la ted   and   observed   ign i t ion   de lay  times i s  
very  good. 

Because   o f   the   scarc i ty  of c h e m i c a l   k i n e t i c   d a t a  a t  h igh   tempera tures ,  it cannot  
be c l a imed   t ha t  the mechanism p resen ted   he re  i s  unique. It i s  p o s s i b l e   t h a t   o t h e r  
r e a c t i o n s   t h a t  were n o t   i n c l u d e d   i n   t h e  mechanism may b e   i m p o r t a n t .   S t i l l ,   t h e  mech- 
an i sm  does   accu ra t e ly   r ep roduce   expe r imen ta l   r e su l t s   fo r   s i l ane /hydrogen   ox ida t ion   i n  
a shock tube wi th   on ly  a minimal  amount of r e a c t i o n  rate m o d i f i c a t i o n ;   t h i s   s u g g e s t s  
that  the  proposed mechanism  and  assigned rate c o e f f i c i e n t s  are r e a s o n a b l y   c o r r e c t .  
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N o n e t h e l e s s ,   e x p e r i m e n t a l   v e r i f i c a t i o n   o f   t h e   i n d i v i d u a l   r e a c t i o n s   a n d  ra te  coef-  
f i c i e n t s  is still requ i r ed .  

I G N I T I O N  CHARACTERISTICS OF SILANE/FYDROGEN  MIXTURES 

To a c q u i r e  a b e t t e r   u n d e r s t a n d i n g   o f   t h e   e f f e c t   o f   s i l a n e  on t h e   i g n i t i o n   c h a r -  
ac te r i s t ics  of   hydrogen-air   mixtures ,  a series o f   c a l c u l a t i o n s  were made f o r  a range 
of   s i lane /hydrogen   mix tures ,   f rom  pure   hydrogen   to   pure   s i lane .  For each  mixture ,  
i g n i t i o n   d e l a y   p e r i o d   c a l c u l a t i o n s  were performed a t  s e v e r a l   i n i t i a l   t e m p e r a t u r e s  
over  the  range  800 K t o  1200 K f o r  a cons t an t   p re s su re   o f  1 atm. The i g n i t i o n   d e l a y  
time w a s  de f ined  as t h e  time t o   a c h i e v e   i g n i t i o n  as s i g n i f i e d  by the   sudden   i nc rease  
i n  t empera tu re .   Th i s   de f in i t i on   gave   i gn i t i on   de l ay  times which are e s s e n t i a l l y   t h e  
same as t h o s e   d e f i n e d   t o   b e   t h e  time r e q u i r e d   t o   r e a c h  a t e m p e r a t u r e   e q u a l   t o   t h e  
i n i t i a l   t e m p e r a t u r e   p l u s  5 p e r c e n t   o f   t h e   t o t a l   t e m p e r a t u r e  rise from t h e   i n i t i a l  
s t a t e  t o   t h e   f i n a l  s ta te  (Beach e t  a l .  1980).  The o v e r a l l   f u e l - a i r   e q u i v a l e n c e  
r a t i o s  ( 4 )  cons idered  were 1.0 and 0.5. The s i lane /hydrogen  mechanism wi th   t he  modi- 
f i e d  rate c o e f f i c i e n t  w a s  used. 

The r e s u l t s   o f   t h e s e   c a l c u l a t i o n s  are g i v e n   i n   f i g u r e s  2 (a )  a n d   2 ( b ) .  The 
s e n s i t i z a t i o n   e f f e c t  of s i l a n e  i s  shown 

lo4 - 

I loo% 

I I I I I I 

8 9 10 11 12 13 
Reciprocal  temperature, K'l 

( a )  4 = 1 .  

to  be  somewhat g r e a t e r   i n   s t o i c h i o m e t r i c  

x 
1 
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/ 

I I I I I I 
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Reciprocal  temperature, K - l  

( b )  4 = 0.5. 

F igure  2.- I g n i t i o n   d e l a y  time as a f u n c t i o n  of   t empera ture   for   var ious  
s i lane /hydrogen   mix tures  a t  1 atm. 

x 

mixtures   than  i n  the   fue l - lean   mix ture .  It i s  a l s o   e v i d e n t   f r o m   t h e s e   f i g u r e s   t h a t  
t h e   i g n i t i o n   d e l a y  time d e c r e a s e s   r a p i d l y  from the  pure  hydrogen  value as the  amount 
o f   s i l a n e  is i n c r e a s e d .   S i m i l a r   r e s u l t s  were r e p o r t e d  by  Beach e t  a l .  (1980) .  How- 
ever ,   whereas   the Beach  mechanism p r e d i c t s   t h a t   t h e  same i g n i t i o n   d e l a y  times w i l l  be  
obta ined   for   t empera tures   above  900 K and   fo r  a l l  percentages   o f   added   s i lane ,   the  
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p r e s e n t  mechanism p r e d i c t s  that  over t h e   e n t i r e   r a n g e  of temperature   examined,   the  
i g n i t i o n   d e l a y  t i m e  dec reases  as t h e   q u a n t i t y  of s i l a n e   i n c r e a s e s .  

The r e s u l t s   i n   f i g u r e s   2 ( a )   a n d   2 ( b )   i n d i c a t e   t h a t   t h e  rate of decrease   o f   the  
i g n i t i o n   d e l a y  t i m e  a t  a g iven   tempera ture  becomes smaller as the   mix ture  becomes 
r i c h e r   i n   s i l a n e .  An a d d i t i o n a l   i l l u s t r a t i o n   o f  this t r e n d   a p p e a r s   i n   f i g u r e s   3 ( a )  
and  3(b) ,   which show i g n i t i o n   d e l a y  time a t  a g i v e n   i n i t i a l   t e m p e r a t u r e  as a f u n c t i o n  
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F igu re  3 . -  I g n i t i o n   d e l a y  time as a f u n c t i o n   o f   f u e l   m i x t u r e  a t  v a r i o u s  
temperatures   and a p res su re   o f  1 atm. 

o f   s i l a n e / h y d r o g e n   f u e l   f r a c t i o n .  The i n c r e a s e d   c u r v a t u r e   o f   t h e s e   l i n e s  as the 
mix tu re   app roaches   pu re   hydrogen   po in t s   ou t   t he   r ap id   s ens i t i za t ion   o f   i gn i t i on   p ro -  
v ided  by  adding a small amount  of s i l a n e   t o   h y d r o g e n .   S i m i l a r   s e n s i t i z a t i o n   b e h a v i o r  
has   been   p red ic t ed   fo r   me thane   i gn i t i on   i n   t he   p re sence   o f   e thane   (Wes tb rook   1979) .  

Examinat ion  of   the time h i s t o r y   o f   v a r i o u s   r e a c t a n t s   a n d   p r o d u c t s   d u r i n g   t h e  
i g n i t i o n   p e r i o d   p r o v i d e s  some f u r t h e r   i n s i g h t   i n t o   t h e   i g n i t i o n   c h a r a c t e r i s t i c s   o f  
s i lane /hydrogen   mix tures .  A c a l c u l a t e d  time h i s to ry   o f   s i l ane ,   mo lecu la r   hydrogen ,  
and   hydroxyl   rad ica l   concent ra t ions   and   mix ture   t empera ture   for   the   s to ich iometr ic  
2 pe rcen t   s i l ane /98   pe rcen t   hydrogen   mix tu res  a t  c o n s t a n t   p r e s s u r e   a n d   i n i t i a l l y  a t  
800 K is shown i n   f i g u r e   4 ( a ) .  It is  e v i d e n t   f r o m   t h i s   f i g u r e   t h a t   t h e   s i l a n e  i s  
consumed before   any  s ignif icant   amounts   of   hydrogen  begin t o  react. The i g n i t i o n   o f  
the  hydrogen is then  enhanced  (aided) by the  larqe  amounts   of  free r a d i c a l s  H, 0, 
and OH which are r a p i d l y   g e n e r a t e d   d u r i n g   t h e   i g n i t i o n   o f   t h e   s i l a n e .  A s  t h e   s i l a n e  
c o n t e n t  is  i n c r e a s e d ,  a t h e r m a l   e f f e c t   ( t e m p e r a t u r e   i n c r e a s e )  also c o n t r i b u t e s   t o   t h e  
enhanced   ox ida t ion   of   the   hydrogen .   This   e f fec t  becomes i m p o r t a n t   f o r   s i l a n e  amounts 
g r e a t e r   t h a n  10 percen t .   Th i s   combined   f r ee   r ad ica l   and   t he rma l   e f f ec t  i s  e v i d e n t   i n  
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t h e  t i m e  h i s t o r i e s  shown i n   f i g u r e   4 ( b )  for a s t o i c h i o m e t r i c  20 p e r c e n t   s i l a n e /  
80   pe rcen t   hydrogen   mix tu re   i n i t i a l ly  a t  800 K. Af t e r  m o s t  o f   t he   s i l ane   has   been  
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( a )  2 percent   S iH4/98   percent  Ha. (b )  20 p e r c e n t  SiH4/80 p e r c e n t  H2. 

F igure  4.- Hi-story of SiH4, H and OH concent ra t ions   and   mix ture   t empera ture  
d u r i n g   t h e   i g n i t i o n   o f   s t o l c h i o m e t r i c  S i H 4 / H 2  mix tures  a t  1 atm  and i n i t i a l l y  
a t  800 K. 

2' 

consumed  and p r i o r   t o   a n y   s i g n i f i c a n t   o x i d a t i o n  of the  hydrogen,  the tempera ture   has  
inc reased   a lmos t  200 K. Th i s   i nc rease   i n   t empera tu re   and   t he   p re sence   o f   f r ee   r ad i -  
cals b o t h   c o n t r i b u t e   t o   t h e   i n c r e a s e d  ra te  of  hydrogen  oxidation. A t  i n i t i a l  t e m -  
p e r a t u r e s   g r e a t e r   t h a n  1000 K, the   ox ida t ion   of   s i lane   and   hydrogen  is very  rapid  and 
t akes   p l ace   a lmos t   s imu l t aneous ly .  

I n   a d d i t i o n   t o   t h e   e n h a n c e m e n t   o f   t h e   i g n i t i o n  process through  the   genera t ion  of 
f r e e   r a d i c a l s ,   s i l a n e   a l s o   a i d s   i g n i t i o n   t o  some e x t e n t  by scavenging   the  H 0 2  r a d i c a l  
th rough  the   reac t ion   sequence  

SiH4 + H 0 2  -+ H202 + S i H 3  

H 2 0 2  + M -+ OH + OH + M 

However, a t  tempera tures  above 800 K, free radical g e n e r a t i o n  and the   t he rma l  e f fec t  
are the  dominant  enhancement  mechanisms. A t  t empera tures  below 800 K, t he   s caveng ing  
may become more impor tan t .  
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CONCLUDING REMARKS 

A c h e m i c a l   k i n e t i c   r e a c t i o n  mechanism for   the  combust ion  of   s i lane/hydrogen  has  
been  assembled  through  analogy  with  methane  and  refined by comparing  the  observed 
k i n e t i c   b e h a v i o r  as d e t e r m i n e d   i n   s h o c k   t u b e   s t u d i e s   w i t h   t h a t   p r e d i c t e d  by t h e  mech- 
anism. It w a s  de t e rmined   t ha t   r ea sonab ly  good agreement   between  the  experimental   and 
the   ca l cu la t ed   r e su l t s   cou ld   be   ach ieved  by the adjus tment   o f   the  rate c o e f f i c i e n t  
€ o r   t h e   r e a c t i o n  

SiH3 + O2 +- S i H 2 0  + OH 

C a l c u l a t i o n s  made w i t h   t h e   r e f i n e d   r e a c t i o n   m e c h a n i s m   i n d i c a t e   t h a t   a d d i t i o n  of 
small amounts  of s i l a n e   t o   h y d r o g e n - a i r   m i x t u r e s   e f f e c t i v e l y   s e n s i t i z e s   t h e   m i x t u r e  
t o   i g n i t i o n .  This s e n s i t i z a t i o n   o c c u r s   b e c a u s e   t h e   s i l a n e   a d d i t i v e   r a p i d l y   o x i d i z e s  
a n d   p r o v i d e s   f r e e   r a d i c a l s  ( H I  0, OH) in   l a rge   amounts   which   subsequent ly  accelerate 
the   i gn i t i on   o f   t he   hydrogen .  As the   amount   o f   s i lane  i s  inc reased ,   t he  ra te  of 
s e n s i t i z a t i o n   d e c r e a s e s .  For s i l a n e   a m o u n t s   g r e a t e r   t h a n  10 percen t ,  a thermal  
e f f e c t   ( t e m p e r a t u r e   i n c r e a s e   d u e   t o   t h e   c o m b u s t i o n   o f   s i l a n e )   a l s o   c o n t r i b u t e s   t o   t h e  
s e n s i t i z a t i o n   e f f e c t .  

The c r e d i b i l i t y  of t h e   r e s u l t s   g i v e n   h e r e   d e p e n d s   t o  a v e r y   l a r g e   e x t e n t  on t h e  
reasonableness  of the   s i lane /hydrogen  mechanism. The basic   assumption  of  a s i l a n e  
mechanism analogous  to   the  methane mechanism seems reasonable .  However, the   accuracy  
of t he  many ass igned  rate c o e f f i c i e n t s   c a n n o t   b e   a s s e s s e d .  It is  recommended t h a t  
a d d i t o n a l   k i n e t i c   s t u d i e s  be ca r r i ed   ou t   t o   eva lua te   and   improve   t he   h igh   t empera tu re  
s i l a n e   o x i d a t i o n  mechanism. More d i r e c t   e v i d e n c e  is needed t o  show t h a t   t h e   p r o p o s e d  
mechanism d e s c r i b e s   t h e   a c t u a l   p r o c e s s .  The research  program  should  include  the 
i d e n t i f i c a t i o n  of i n t e rmed ia t e  species us ing   spec t roscopic   t echniques ,   matching  of 
the   shape  of   measured   concent ra t ion- t ime  prof i les   wi th   those   p red ic ted ,   and   quant i ta -  
t i ve   ma tch ing  o f   concen t r a t ion - t ime   cu rves   w i th   p red ic t ions .   Spec ie s   o f   pa r t i cu la r  
i n t e r e s t  would inc lude  SiH3, Sill2,  SiH,  and H. 

Langley  Research  Center 
Nat ional   Aeronaut ics   and Space Adminis t ra t ion  
Hampton, VA 23665 
January IO, 1983 
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